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During the recent years, the number of studies of the controlled release of bioactive molecules, unhealthy product sensing, and bioactive molecules synthesis have been increasing. Nowadays, the combination of molecular and supramolecular concepts with material science to develop new hybrid systems is applied in the previous studies. There is an abundant potential for nanoparticle and microparticle materials use in future technologies including electronic and optoelectronic, mechanical, chemical, cosmetic, medical, drug, and food technologies (Okuyama 2006) .
The controlled release of therapeutic drugs, vitamins, essential oils, nutraceutical and bioactive molecules in general, is a new and promising research field in life sciences. At the present time, silica mesoporous supports (SMPS) (Kresge et al. 1992 ) are used as inorganic scaffoldings for the storage and release of drugs and organic molecules (Vallet-Regí et al. 2001 , 2007 Muñoz et al. 2003; Chen et al. 2012) . SMPS provide unique features such as stability, biocompatibility, and large load capacity. They have the possibility to include gatelike scaffoldings on the external surface for the design of nano-devices for on-command delivery applications ). SMPS of different pore sizes and morphologies have been selected and used as inorganic scaffoldings in gated ensembles. SMPS can be prepared in different forms (from micrometric to nanometric) with tailor-made pores of around 2-10 nm. They show a very large specific surface area (up to 1200 m 2 /g) thus having a large load capacity, homogeneous porosity, high inertness, and are easy to functionalise.
On the other hand, the emergence and use of nanotechnologies in commercially available products, including nanotherapeutics, has necessitated the response of regulatory agencies to ensure that these products are safely employed. While the bench scientists are at the forefront of the nanoparticle development and design, many are unaware of the regulatory requirements necessary to transform their laboratory discoveries into marketable products. Bench scientists (Marquis et al. 2011 ) performed a "thought experiment" using multifunctional mesoporous silica nanoparticles (MSN) synthesised in their laboratory, which they considered as a combination product. They made that experiment trying to understand the steps necessary for the pre-clinical approval from the Food and Drug Administration. This thought experiment illuminated the challenges associated with nanoparticle risk assessment and regulation.
As we know, synthetic amorphous silica has been used for many decades in a wide variety of industrial and consumer applications including food, cosmetics, and pharmaceutical products. Based on extensive physico-chemical, ecotoxicology, toxicology, safety, and epidemiology data, no environmental or health risks have been associated with these materials if produced and used under current hygiene standards and use recommendations (Fruijtier-Poelloth 2012) . Therefore none of the recent available data gives any evidence for a novel, hitherto unknown mechanism of toxicity that may raise concerns with regard to human health or environmental risks. On the other hand, the presence of nano-sized silica during in vitro digestion of foods containing silica as a food additive is an important feature described by Peters et al. (2012) . The results of their study showed that nano-sized (5-200 nm) silica was present in the saliva digestion stage in a relative amount of 5% to almost 40%. However, during the successive gastric digestion stage, this nano-sized silica disappeared. Importantly, when the low pH increased to neutral pH in the intestinal stage, nano-sized silica reappeared in even higher amounts than in the saliva stage. That study clearly showed that the human intestinal wall is most likely daily exposed to nano-sized silica particles.
In this review, we show the recent results in the design and preparation of capped materials and their use in on-command food applications.
Mesoporous materials as catalyst
Among the first works linking food and mesoporous materials were those presented described by Diaz et al. (2000a Diaz et al. ( ,b, 2005 and Márquez-Alvarez et al.(2004) , who used SMPS as catalysts in the synthesis of fatty acids, essential in food. The fatty acid monoesters of glycerol are valuable chemical products widely used as emulsifiers in the food, pharmaceutical, and cosmetics industries. There had already been two main preparative routes to obtain monoglycerides, but the investigations to optimise the yield of the monoderivative in both processes were of great interest. In the strategy for developing catalysts highly selective towards the monoderivative, MCM-41-type mesoporous silica functionalised with sulfonic acid groups were reported to catalyse selectively this reaction. These mesoporous catalysts combine a high acidity and a good accessibility to the active centres, owing to the presence of channels with large diameters exceeding 1.4 nm. Thomas and Raja (2006) reported that in using open-structure (nanoporous) solids, advantage may be taken of single-site catalytically active centres to affect an enormous range of conversions of organic compounds. In those active centres are regio-selectivity and shape-selectivity looming large. Typically, just one of the products (nylon-6), made by the "green", environmentally benign bifunctional catalysts described by Thomas and Raja (2006) , is in great demand industrially for the manufacture of apparel and other textiles; floor coverings; industrial yarns; engineering plastics, and films for food and industrial packaging.
On the other hand, the Claisen rearrangement of allyl phenyl ethers results in valuable products for fragrance, flavours, food, pharmaceuticals, and intermediate industries. It is typically initiated by using very high temperatures, normally above 200°C. Homogeneous acid catalysts are also used for this rearrangement, which Yadav and Lande (2006) replaced profitably by using eco-friendly solid acids. One of the interests is nowadays focused also on biodiesel (Melero 2009; Srinivas & Satyarthi 2011) . It is usually prepared from crude and refined triglyceride containing raw materials, such as vegetable oils, animal fats, and wastes-for instance waste cooking oil and yellow and brown grease. In this context, an appropriate solid acid catalyst would be of great interest for biodiesel production. Moelans et al. (2005) demonstrated new insights into the immobilisation of biomolecules in porous materials: the concept of thermally activated diffusion has successfully been applied to their immobilisation. This offered a possibility (i) to influence the immobilised amount and the cata-lytic activity of some biomolecules in comparison with the classical method, and (ii) to re-think the overall concept of immobilisation of biomolecules in porous materials.
The use of nanoparticles to attach enzymes was reported in the late 1980s (Wang 2009; Richards & Cloete 2010) . Since then, materials of various compositions, shapes, structures, and modified surfaces have been used to support biocatalysts. Nanoparticles made of silica, magnetite, and gold are the first group of nanomaterials applied for biocatalysis. Accordingly, enzymatic biocatalyst systems are being tackled dynamically at all size levels through efforts ranging from molecular level protein engineering and modification to nanoscale structure fabrication and microenvironment manipulation. They are used for the construction of microchip devices and macroscopic industrial bioreactors and devices. Other examples to attach enzymes have been reported recently. Rare sugars have many applications in the food industry, as well as in the pharmaceutical and nutrition industries. Xylitol dehydrogenase (XDH) can be used to synthesise various rare sugars enzymatically. However, the immobilisation of XDH has not been performed to improve the industrial production of rare sugars. Silica nanoparticles which have high immobilisation efficiency were selected by Zhang et al. (2011a,b) from several carriers for the immobilisation of recombinant rhizobium etli CFN42 xylitol dehydrogenase (ReXDH) and subjected to characterisation. The immobilised ReXDH was employed to catalyse the biotransformation of xylitol to l-xylulose, a sugar that has been used in medicine and in the diagnosis of hepatitis. These results suggest that the immobilisation of ReXDH onto epoxy-silica nanoparticles has a potential industrial application in rare sugar production. For selective synthesis of lactobionic acid (LBA), Gutierrez et al. (2011) created a new method using silica materials as catalysts. Partial oxidation of lactose over an Au-based catalyst system using nanostructured silica materials with improved activity, selectivity, and stability was investigated as a novel chemo-catalytic approach. It is used for selective synthesis of LBA for therapeutic, pharmaceutical, and food grade applications. The main concepts of mesoporous materials as catalyst are given in Table 1 .
Nutritional compounds synthesis
A further example linking food and silica materials was described by Kisler et al. (2003) . As we know, mesoporous molecular sieves including MCM-41 appeared promising for the application as selective media for the separations of large molecules such as proteins, which are important in the food and pharmaceutical industries. However, many such applications involve aqueous solutions in which MCM-41 has a limited stability. The 
Mesoporous materials as sensors in food
The last decades have witnessed a steady increase in the social and political awareness for the need of monitoring and controlling environmental and industrial processes. In the case of the nitrite ion, due to its potential toxicity for human health, the European Union has recently implemented a number of rules to restrict its levels in drinking water and food products. Although several analytical protocols have been proposed for nitrite quantification, none of them enables a reliable and quick analysis of complex samples. An alternative approach relies on the construction of biosensing devices using stable enzymes, with both high activity and specificity for nitrite. Almeida et al. (2010) reviewed the current state-of-the-art in the field of electrochemical and optical biosensors. They used nitrite reducing enzymes the as biorecognition elements and discussed the opportunities and challenges in this emerging market. Apart from that, recent trends in food safety promote an increasing search for trace compounds that can affect human health. Biogenic amines, the so-called natural amines with physiological significance, belong to this group of substances. Pyrylium-containing mesoporous materials were used for the chromo-fluorogenic sensing of biogenic amines in aqueous environment (García-Acosta et al. 2006) . This was one advanced goal in the development of selective probes for real samples that sense biogenic amines via a simple chromo-fluorogenic test but remain silent in the presence of fatty amines and amino acids. To achieve this goal, García-Acosta et al. (2006) focused their attention on pyrylium compounds. As they and others had shown previously, such heterocyclic ring systems react with amines to give the corresponding pyridinium derivatives. In that example, a reactive pyrylium chromophore that was anchored into the inner hydrophobic pores of a mesoporous siliceous support was used. The solid demonstrates that the combination of molecular concepts and 3D solid state preorganised features might open new attractive and synergistic heterosupramolecular routes to enhanced recognition/ sensing protocols for species of interest. Another example of the use of mesoporous materials as sensors was described for the determination of methylmercury in real samples using organically capped mesoporous inorganic materials capable of signal amplification (Climent et al. 2009 ). Inspired by gated ion channels and pumps, the proposed sensing mechanism relies on the opening of a pore that is controlled by the interaction of a certain molecular stimulus (the target species, CH 3 Hg + ) at the receptors that close the gate.
For the detection and removal of biogenic amines, Saaid et al. (2010) prepared three sorbent materials based on the crown ether ligands, 1-aza-18-crown-6,1,4,10,13-tetraoxa-7,16-diazacyclo octadecane and 4-aminobenzo-18-crown-6, respectively, by the chemical immobilisation of the ligand onto SMPS. The applicability of the sorbents for the extraction of biogenic amines by the batch sorption method was extensively studied. The optimised procedure was successfully applied for the separation of SPD (sensory processing disorder) in food samples prior to the reversed-phase high performance liquid chromatography separation.
Rapid determination of Sudan I (diazo-conjugate dye with the chemical formula of 1-phenylazo-2-naphthol) in foodstuffs is very important because it was found to be a carcinogen and its use in the food industry was banned (Yang & He 2010) . A rapid, sensitive, and convenient electrochemical method was developed for the determination of Sudan I based on the distinctive properties of mesoporous SiO 2 . The electrochemical responses of Sudan I were investigated. A sensitive oxidation peak was observed for Sudan I, and the peak current greatly increased at the mesoporous SiO 2 -modified electrode, which can be attributed to its large surface area and high accumulation efficiency. The effects of the pH, amount of mesoporous SiO 2 , scan rate, accumulation potential, and time were examined on the oxidation signals of Sudan I. The newly developed method was successfully used to detect and quantify Sudan I in hot chilli powder and juice samples.
Another example to increase the food quality was described by Wei et al. (2010) . Norethisterone is one kind of widely used anabolic steroid hormones which can help to promote livestock growth and for some time had been illegally used for livestock breeding. The residues of norethisterone in animal food will harm people's health, therefore, it has been banned for the growth promotion purposes in livestock. In this study, amino-group functionalised MSN were prepared and used to immobilise Au nanoparticles, which was further utilised for the adsorption of horseradish peroxidase (HRP) and the secondary antibody Ab 2 . The resulting nanoparticles, Au-MSN-HRP-Ab 2 , were used as labels for immunosensors to detect norethisterone antigen. This new type of label for immunosensors may provide many potential applications for the detection of the growth hormone in animal derived food. Another immunosensor application in food technology was carried out by Liu et al. (2011) . A facile and simple electrochemical immunoassay for ultrasensitive determination of streptomycin residues (STR) in food was designed. Nanogold-assembled mesoporous silica (GMSNs) as bionanolabels on a three-dimensional redoxactive organosilica-functionalised sensing interface was used. The methodology was validated with STR spiked samples including honey, milk, kidney, and muscle.
Nowadays, a new, sensitive, and low cost solidphase extraction method using pyridine-functionalised MCM-48 mesoporous silica has been developed. It has been used for the extraction, pre-concentration, and electrothermal atomic absorption spectrometric determination of nickel and lead in food samples at ng/ml levels as described in (Sadeghi et al. 2011) . The levels of nickel and lead in different types of vegetables grown in Shiraz and Rafsanjan (Iran), were determined by electrothermal atomic absorption spectrometry. The use of two standard reference materials and also the comparison of the results with those of the standard reference procedure confirmed the accuracy of this method. Factors such as the flow rate of extraction and the type, pH, concentration, and volume of the eluent, were appraised. The effects of various ions on recovery were also investigated.
Another work using mesoporous materials as sensors was developed by Zhaoa et al. (2012) . In this paper, a novel chemiluminescence-molecular imprinting (CL-MI) sensor for the determination of fenpropathrin (used to control the range of insects, especially mites, in fruits and vegetables) in foodstuff was developed. Fenpropathrinimprinted porous hollow microspheres (FIPHMs) were prepared using mesoporous silica particles as cores. The tests showed that the prepared sensor achieved high sensitivity and selectivity. The novel sensor has been successfully applied to the determination of fenpropathrin in food samples. The main concepts of mesoporous materials as sensors in food are given in Table 2 .
Controlled release of bioactive molecules
The importance of α-tocopherol as an antioxidant in food applications is well-known, however, no complete antioxidant migration occurs from active packaging. Heirlings et al. (2004) investigated the effects of polymer materials with dif- ferent polarities, namely low density polyethylene (LDPE) and ethylene vinyl acetate (EVA), on the migration behaviour of α-tocopherol from active packaging. The antioxidant was also adsorbed onto silica materials, namely SBA-15 (Santa Barbara-15) and Syloblock, in order to protect the antioxidant during extrusion and to ensure a controlled and sufficient release during the shelf-life of the food product. The migration experiments were performed at 7.0 ± 0.5°C and 95% ethanol was used as a fatty food simulant. All films contained a high concentration of α-tocopherol, ~ 2000 mg/kg, to obtain an active packaging. The polymer matrix had a small influence on the migration profile. The migration of 80% of the total migrated amount of the antioxidant was retarded for 2.4 days by using LDPE instead of EVA. When α-tocopherol was adsorbed onto both silica materials, the migration of 80% of total migrated amount of the antioxidant was retarded for 3.4 days in comparison to pure α-tocopherol. No difference was seen between the migration profiles of the α-tocopherol adsorbed onto either silica material. In the case of pure α-tocopherol, 82% of the initial amount of α-tocopherol in the film migrated into the food simulant at a rather fast migration rate. In the case of adsorption on silica materials, total migration was observed. These anti-oxidative films can have positive food applications. Curcumin is a yellow pigment found in the rhizomes of the plant Curcuma longa. Oligophenol is a major component of turmeric which is commonly used as a spice and food-colouring agent, and has been used in traditional Indian and Chinese medicine. Trans-β-carotene is another important bioactive organic compound or nutraceutical and is a model hydrophobic compound in studying drug delivery. These nutraceuticals appear promising in wound healing, which has been attributed to the presence of myofibroblasts, and to the compound enhancing fibronectin and collagen expression. However, the above mentioned properties of the nutraceuticals are yet to be realised in view of their full potential due to their poor bioavailability. For this reason, Clifford et al. (2008) investigated the utility of mesoporous silica particles for encapsulating nutraceuticals and thereby serving as a molecular tracker, a drug carrier, and a controlled drug release system. Mesoporous silica particles were suggested as useful carriers because of their stability, controllable pore diameter, and excellent biocompatibility. The authors studied the ability to insert nutraceuticals into the structure of mesoporous silica particles during the formation of rigid mesospheres involving the micelle template. The rate of release of the curcumin and trans-β-carotene in the silica particles was also reported under physiological pH, to determine the potential application of these silica particles as a method of delivering biologically active molecules to the body.
A study on the controlled release of vitamin B 2 (an important micronutrient in diet) in pure water from mesoporous silica materials was reported by Bernardos et al. (2008) . Mesoporous silicabased materials contain pH-and anion-controlled nano-supramolecular gate-like ensembles built up by anchoring suitable polyamines on the external surface. This solid contains the vitamin (the delivered molecule) onto the pores, whereas the amine-based gate-like ensemble is anchored on the pore outlets. The delivery studies in water were carried out at pH 2 and 7. At pH 2, all the anions studied (sulphate, phosphate, GMP, and ATP) strongly hindered the vitamin release, whereas at pH 7 the delivery was observed for sulphate and GMP, the gate remaining closed in the presence of ATP and phosphate. The remarkable anioncontrollable response of the gate-like ensemble at a certain pH can be explained in terms of anion complex formation with the tethered polyamines. The pH-controlled gate-like scaffoldings might be a suitable prototype for the development of orally applicable delivery systems designed to have a particular ability to protect the cargo from the acidic conditions in the stomach (acid pH, gate closed) but will release the load in the intestine (basic pH, gate open). For vitamin B 3 controlled release, ordered mesoporous silica hollow microspheres with distinguished characteristics of interconnected porosity of their thin outer walls were developed by Kapoor et al. (2010) . Food grade emulsifiers polyglycerol esters of fatty acids (PGEFA) were used as a soft-template and n-decane as a swelling agent. The interconnected pore channels that extend from the outside of the microsphere shell to its inside were used to fill the mesoporous silica microspheres for enhanced encapsulation and cumulative in vitro release of vitamin B 3. A considerable rate of pharmacokinetics using a simple pH trigger mechanism for the delivery systems was observed. Bernardos et al. (2009) also described the synthesis of a lactose-capped SMPS that is selectively uncapped by the rupture of a glycosidic bond using β-d-galactosidase. The enzyme β-d-galactosidase is a glycoside hydrolase involved in the hydrolysis of the disaccharide lactose into the monosaccharides galactose and glucose. In humans, β-d-galactosidase is present predominantly along the brush border membrane of the differentiated enterocytes lining the vili of the small intestine, for this reason this system is a suitable material in food applications.
At the present time, mesoporous silica structures have been synthesised as MCM-41 and SBA-15 at two different mole ratios of their constituents to test their capacity and feasibility for the controlled release of the natural antimicrobial allyl isothiocyanate (AITC) (Park et al. 2011 . Pore filling by vapour phase AITC approached 100%. The controlled release as desorption was dictated by the pore size distribution of each material with up to 90% of the available AITC desorbed over 96 hours. The release from the SBA-15 systems occurred as a "burst release" with 65% desorbed in the first 12 h compared with only 20% from the MCM-41 systems. The antimicrobial activity of the released (vapourphase) AITC was compared with that of liquid AITC in tests with the microorganisms escherichia coli, Bacillus cereus, and Pichia anomola. The lethal activity of the released AITC against these microorganisms was unaffected by adsorption and desorption processes, demonstrating that the MCM-41 and SBA-15 mesoporous silica structures represent a novel controlled release vector against the selected food-borne pathogenic microorganisms. Another example of vapour-phase controlled release was described here. A series of nanoporous silica materials were prepared as adsorbents for volatile (-)-menthol, a molecule widely used in food, pharmacy, and cosmetics. A vesicular silica material with a thick wall and hydrophobic functional groups was shown to possess the slowest release performance (Zhang et al. 2011a,b) . The main concepts of the controlled release of bioactive molecules are given in Table 3 .
CONCLUSIONS
This review reports recent research into the design of gated mesoporous siliceous materials for cargo controlled release using different stimuli, and their applications in food. These capped materials can find applications in the design of novel and creative ways to deliver drugs, nutrients, and bioactive molecules. In fact, mesoporous supports display characteristics that usually cannot be found in classical drug delivery systems (such as polymers, dendrimers, micelles, etc) due to their unique properties. In summary, these findings, and some other recently reported, are opening new perspectives in relation to the use of mesoporous hybrid solids with gating functionalities in the field of food. 
